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THE SPHINGIDAE (HAWKMOTHS OR SPHINX MOTHS)
COMPRISE a family of large, strong flying Lepidoptera (D'Abrera 1986) . Hawkmoths hover at flowers, much as hummingbirds do, sucking nectar through their long proboscises. Most are nocturnal, feeding from characteristic "hawkmoth flowers," which open and produce nectar at twilight or during the night. Hawkmoth species are particularly abundant in neotropical forests where they pollinate 5-10 percent of the tree and shrub species (Janzen 1983 , Bawa et al. 1985 , Haber & Frankie 1989 . Despite the significance of sphingids to tropical pollination biology, we know relatively little about the physiological mechanisms that enable hawkmoths to find appropriate flowers. There is evidence that olfaction plays an important role (Brantjes 1973 (Brantjes , 1976 (Brantjes , 1978 in that most hawkmoth flowers have strong, pleasant aromas (Haber & Frankie 1989) . Visual stimuli are also involved (Knoll 1925 , Brantjes 1973 , and in that regard, it is interesting that the eyes of these nocturnal Lepidoptera, like those of many diurnal insects (Goldsmith 1990 , Peitsch et I Received 14 July 1993 revision accepted 16 December 1993 revision accepted 16 December . al. 1992 , contain three classes of photoreceptors sensitive in the green, violet, and UV regions of the spectrum (Schwemer & Paulsen 1973 , Bennett & Brown 1985 . Thus hawkmoths have the potential for wavelength discrimination or trichromatic color vision that functions at low levels of illumination (Knoll 1925) . This paper addresses the question: Do hawkmoths use wavelength discrimination in feeding from flowers at night? At first glance this would appear not to be the case since hawkmoth flowers are characteristically white or cream colored (Baker 1961 , Paige & Whitham 1985 , Haber & Frankie 1989 . However, ultraviolet (UV) wavelengths (that cannot be seen by humans, but are visible to insects) might influence hawkmoth feeding behavior. The UV component of daylight is clearly exploited by day-active nectar-feeders and their host plants (Chittka & Menzel 1992 , Menzel & Shmida 1993 . Many flowers visited by diurnal insects display "nectar guide" patterns in which UV and longer wavelengths are contrasted (Eisner et al. 1969 , Thompson et al. 1972 , Waser & Price 1983 . Could UV wavelengths also be important to nocturnal insects? Light reflected from the moon is similar to sunlight in spectral content; near UV wavelengths from 330 to 400 nm are present (Stair & Johnston 1953) . That measurement has been confirmed by the direct observation of an aphakic vision scientist, W. S. Stark, who reports (pers. comm.) that he can see moonlight at wavelengths shorter than 370 nm with his lenseless eye. Furthermore, UV light from the nighttime sky has been shown to excite UV-sensitive receptors in an arthropod (Limulus) and to play a role in its mating behavior (Herzog & Barlow 1991) .
To investigate the possible significance of UV wavelengths to sphingid feeding, we examined the UV reflectance of Costa Rican hawkmoth flowers and studied the visual behavior of the tobacco hornworm moth Manduca sexta in laboratory experiments.
METHODS
DETERMINATION OF UV FLOWER REFLECTANCE.-A video system for examining the UV reflectance of flowers (Eisner et al. 1988 ) was constructed from a Sanyo color video camera (model no. VCC3700), whose sensitivity extends into the near ultraviolet. It was fitted with a UV transmitting plastic lens (Silberglied 1976a, b) taken from an old Kodak Pony 35 mm camera. Natural (Fig. 1) or artificial ( Fig. 2 ) flowers were illuminated with white fluorescent (Sylvania F8T5/BL) and/or UV emitting (Sylvania F4T5/D) fluorescent lamps. For selective viewing of reflectance in the 300-400 nm range, the camera was fitted with a UV transmitting filter (Wratten 18A or Coming 9863), and the blue gain of the camera was set at maximum to enhance its UV sensitivity. To insure that the video system would not respond to red light leaking through a long wavelength "window" of the UV filter, the red gain was turned to minimum; at this setting nothing could be seen through a red filter (Schott RG 610). A Wratten 2B filter cutting off at 400 nm was used to selectively view reflectance at the longer wavelengths visible to the human eye. The effectiveness of the system was confirmed by viewing UV reflecting diurnal flowers (Fig. 1D ). Hawkmoth flowers collected at Monteverde, Costa Rica, June 1992, were viewed with this system shortly after they were picked in order to qualitatively determine whether they reflected UV wavelengths.
FEEDING BEHAVIOR OF MANDUCA. -Manduca sexta reared in our laboratory (Bennett & White 1989) were augmented by animals given us by Dr. James Truman, University of Washington and Dr. Barry Trimmer, Tufts University. Moths were used for feeding experiments during the first week after eclosion. Experiments were conducted in a 1.4 x 2.3 x 2.0 m flight room on groups of 13 to 30 moths. The overhead white fluorescent room lights were turned on and off in a 9 L/ 15 D cycle. Another set of fluorescent lamps (Sylvania F8T5/BL and F4T5/D) filtered with nylon mesh and hung 1.5 m above the feeding stations and stayed on continuously to provide "moonlight" (approx. 5 x 10" quanta cm-2 sec-1, measured at the feeding stations) at both UV and longer wavelengths during the "dark" phase. Feeding stations consisted of top-lighted artificial flowers or back-lighted windows. Flowers were constructed with cardboard petals surrounding a black plastic tube containing sugar water. The petals were painted with either titanium dioxide containing acrylic artist's paint (Liquitex, titanium white), or with magnesium oxide suspended in Speedball acrylic matte medium. The flowers were laminated with clear plastic to protect the painted surfaces. To the human eye, both types of flower appeared white. However MgO reflects both UV and longer wavelengths, whereas TiO2 reflects only wavelengths longer than 400 nm (Allan and Stoffolano 1986) (Fig.  2) . Four flowers (two of each type) were arranged at the corners of a 12 x 12 cm square. The positions of individual flowers were rearranged randomly before each observation session. Feeding visits of particular moths to particular flowers were recorded.
For experiments with back-lighted feeding stations, two boxes (0.45 x 0.45 x 0.75 m) were set on the floor of the flight room, long dimension vertical. A smaller box with a 5 x 5 cm square window covered by a clear plastic, UV transparent pane was mounted over a hole in the top surface of each large box. The window served as a "flower" illuminated from below by Sylvania F8T5/BL and F4T5/D lamps. The distance between the two windows was 91 cm. Light intensities were measured with a Licor LI-18A microEinstein meter and a PIN-10 V calibrated photodiode. The window emitted approximately 5 x 1 0'1 quanta cm-2 sec-I of "moth visible" light, with approximately equal outputs in the 300-400 nm and 400-600 nm ranges. Feeding tubes were mounted at each corner of the window. The back lighted windows were either left uncovered or were capped with colored or neutral density optical filters. The filter combinations for particular experiments are described in the Results. Data were analyzed for statistical significance by the chi square test.
In both experimental arrangements, flowerless tobacco plants, the food plant for larval Manduca, were placed around the artificial flowers and between the filter boxes. Females were attracted to and laid eggs on the tobacco leaves.
RESULTS
REFLECTANCE OF HAWKMOTH FLOWERS.-The flowers of 10 species from five families of Costa Rican hawkmoth pollinated trees and shrubs (identified by W. A. H.) were examined with the UV sensitive video system in order to assess short wavelength reflectance. All were white to the human eye, that is, they reflected rather uniformly light in the spectral region from about 400-700 nm. All lacked UV reflectance (Table 1 ; Fig. 1A, B) . In contrast, 3 of 6 day pollinated species that are not visited by hawkmoths reflected UV wavelengths (Table 1 ; Fig.  1C, D) . Thus the typical hawkmoth flower reflected only wavelengths longer than about 400 nm. We stress the qualitative nature of these observations; it would be desirable to measure the reflectance spectra (Chittka and Menzel 1992 , Peitsch et al. 1992 , Menzel and Shmida 1993 .
FREE CHOICE FEEDING BEHAVIOR EXPERIMENTS.-Moths
clung without moving to the cheesecloth walls of the flight chamber during the 9 hr "day." Most began to warm up and fly within the first half hour of the "dark" phase. A moth would approach an artificial flower or feeding station and extend its proboscis, either probing briefly before flying away, or hovering to drink the sugar solution (Stevenson 1991) . In experiments with artificial flowers, a visit that resulted in drinking from the central well was recorded as one unit of feeding behavior. For later experiments, with illuminated windows, visits that terminated with proboscis probing, as well as those that culminated in feeding from adjacent wells were recorded as units of feeding behavior. Preference results were the same whether the more or less restrictive criterion was used. Moths actually fed in 15-20 percent of the visits to both artificial flowers and windows. Data were recorded for the first 2 hr after room lights-off. Only one experiment, with one particular arrangement of feeding stations, was conducted during each 2 hr session. In our initial experiment with artificial flowers, a population of 20 newly emerged moths was observed for seven successive 2 hr sessions (Fig. 3) . Thirteen individuals, mostly females, fed. Both males and females preferred the flowers that lacked UV reflectance.
Small illuminated windows, whose wavelength and intensity can be easily varied, were substituted for artificial flowers in subsequent experiments. In Exp. 1 of this series (Fig. 4) , the illuminated window at one feeding station was covered only by a thin plastic sheet that transmitted both visible and UV X >400 nm (-UV) TiO2 Manduca sexta at artificial flowers. Twenty moths were observed for seven daily two hr sessions. Visits of moths to flowers that resulted in drinking are recorded. Feeding visits to a flower reflecting only long wavelengths are represented above the horizontal line. Visits to a flower reflecting UV as well as longer wavelengths are represented below. Moths fed preferentially at the former. For males, P < 0.01; females, P < 0.005; total, P < 0.005. wavelengths, while the other was covered additionally by a pale yellow Schott GG 455 filter that transmitted only wavelengths above 455 nm. The moths displayed feeding behavior almost exclusively at the yellow window, even though its total photon flux was about half that of the unfiltered window.
In order to establish that a behavioral preference is linked to wavelength, it is essential to show that the response is independent of intensity (Menzel 1979 , Goldsmith 1990 ). To assess the importance of intensity, the long wavelength source was dimmed by Wratten neutral density filters, or the UV containing source was dimmed by UV transmitting neutral density filters. Moths still chose the long wavelength station, even when it was dimmer by as much as 3 log units relative to the UV containing source (Fig. 4, Exps. 2, 3) . Only when the relative intensity at the long wavelength window was reduced to virtual darkness by a 4 log unit filter did the moths prefer the UV containing stimulus (Fig.  4 , Exp. 4). Feeding behavior was similarly elicited at the UV transmitting window when the other was capped with an opaque cover (Fig. 4, Exp. 5 ). The few moths that probed at the covered window may have been attracted to faint reflections from the tape that sealed it. Moths did not probe randomly at other objects in the flight room.
It was thought possible, although unlikely, that moths are attracted to the dimmer of two stimuli regardless of spectral distribution. To eliminate this possibility, intensity at the UV containing window was reduced with UV transmitting neutral density filters. The moths continued to choose the long wavelength feeding station (Fig. 4 , Exps. 6, 7). Furthermore, when moths were offered a choice between windows of identical yellow hue, they preferred the brighter one (results not shown). Therefore the moths were not selectively attracted to dimmer sources: wavelength was the critical parameter.
DISCUSSION
Hawkmoths form a distinct guild of pollinators in both temperate and tropical ecosystems (Baker 1961 , Gregory 1964 , Cruden et al. 1976 , Grant & Grant 1983 , Bawa et al. 1985 , Grant 1985 , Nilsson et al. 1987 , Haber & Frankie 1989 . Brantjes (1973 Brantjes ( , 1976 Brantjes ( , 1978 found that the fragrance of hawkmoth flowers releases flower seeking, and perhaps subsequent components of feeding behavior. The strong odors of the flowers must bring moths to them from a distance. Presumably visual as well as olfactory stimuli become important for orientation at the final approach. Our experiments confirm earlier observations (Brantjes 1973 ) that feeding behavior can, in fact, be elicited solely by visual stimuli without accompanying olfactoty signals.
HAWKMOTH SPECTRAL SENSITIVITY.-The retinas of many insects contain three spectral types of photoreceptors, with maxima near 530, 450, and 350 nm in the green, violet, and UV regions of the spectrum, respectively. Some butterflies also have red-sensitive receptors (Goldsmith 1990 , Bernard & Remington 1991 , Peitsch et al. 1992 . We have some understanding of the roles played by these receptors in the visual behavior of diurnal species. Flower localization by nectar feeders has received particular attention (Scherer & Kolb 1987a, b; Chittka & Menzel 1992; Pietsch et al. 1992 ). The three typical insect receptor classes are also found FIGURE 4. Spontaneous choice feeding behavior of Manduca sexta at backlighted feeding stations. A proboscis probe or bout of drinking was recorded as a unit of feeding behavior. Feeding stations represented above the horizontal line (except for Exp. 5) transmitted only wavelengths greater than 455 nm (pale yellow) provided by Schott filter GG 455. Stations below the line transmitted white light that included UV (300-400 nm) as well as longer wavelengths. In Exp. 1, neither stimulus was further attenuated with neutral density filters. Twenty-nine moths were observed for two sessions. In Exp. 2, the long wavelength stimulus was attenuated with a Wratten ND (neutral density) no. 1 filter, that is, its intensity was approximately 1/1o of the alternative UV transmitting station. Nineteen moths; two sessions. In Exp. 3, the long wavelength stimulus was attenuated with a Wratten ND 3 filter; its intensity was approximately 1/1000 of the alternative station. Seventeen moths; one session. In Exp. 4, the long wavelength stimulus was attenuated with a Wratten ND 4 filter; its intensity was approximately l/l0,. of the alternative station. Thirteen moths; one session. In Exp. 5, one station (above line) was covered with an opaque lid. Thirteen moths; one session. In Exp. 6, the UV containing stimulus was attenuated with a UV transmitting ND 1 filter. Seventeen moths; one session. In Exp. 7, the UV containing stimulus was attenuated with a UV transmitting ND 3 filter. Thirteen moths; one session. For all experiments P < 0.005.
in the eyes of nocturnal Sphingidae. At least they are present in the two species (from different subfamilies: Sphinginae and Macroglossinae) that have been investigated, Manduca sexta (Bennett and Brown 1985) and Deilephila elpenor (Schwemer and Paulsen 1973) . There have been few studies of visual behavior in hawkmoths (Knoll 1925 , Brantjes 1973 , and the significance of trichromatic photoreceptor differentiation remains uncertain.
WAVELENGTH DEPENDENT BEHAVIOR VS COLOR VI-SION.-An animal's ability to exploit information based on wavelength cannot be inferred from the mere presence in the retina of photoreceptors with differing spectral sensitivities; that potential must be exploited by appropriate neural processing. Wavelength discrimination can only be demonstrated by an appropriate behavioral test that shows a visual behavior using hue independent of intensity (Menzel 1979 , Goldsmith 1990 . It is also important to distinguish between wavelength dependent behavior and color vision. Most cases of wavelength discrimination in insects are expressed as wavelength dependent behaviors in which the activation of one or more particular spectral dasses of receptor elicits a particular stereotyped response (Menzel 1979) . For example, feeding behavior, analyzed by spontaneous choice experiments in several butterflies, is controlled specifically by particular receptors, while other behaviors, such as egg laying, depend upon input from other receptor types, either singly or in combination (Scherer & Kolb 1987a, b) . For animals with color visionsuch as ourselves-motor output can be elicited in arbitrary association with hue. Goldsmith (1990) has argued persuasively that color vision can only be demonstrated by behavioral experiments that involve learning. Thus honey bees and other species of Hymenoptera display color vision in their ability to associate food sources arbitrarily with hue across the full spectral range of the three receptor types (Menzel et al. 1988 , Menzel & Backhaus 1989 , Chittka et al. 1992 , Peitsch et al. 1992 .
Our experiments with Manduca indicate that discrimination between UV and longer wavelengths influences hawkmoth feeding behavior. Probing with the proboscis is facilitated by long wavelength light. This action is presumably elicited by stimulation of either the green-or violet-sensitive photoreceptors, or by both. Detailed spectral sensitivity measurements of feeding behavior should resolve that question. In light of results from diurnal Lepidoptera (Scherer & Kolb 1987a, b) it seems unlikely that wavelength discrimination by Manduca entails color vision.
UV WAVELENGTHS AND SPHINGID BEHAVIOR.-The role played by UV light in animal behavior has recendy generated considerable interest (Jacobs 1992 , Goldsmith 1992 , Hawryshyn 1992 . If the feeding behavior of Manduca was simply triggered by the violet-or green-sensitive receptors, then the hawkmoths should have chosen the brighter, UV emitting window in Exp. 3, Fig. 4 , which also emitted 1000 times as much long wavelength light as the alternative. Since they avoided that brighter window, it appears, in addition, that activation of UV receptors strongly interferes with feeding behavior.
Our results may reflect the antagonism of incompatible stereotyped behaviors. We noted that moths approached the UV emitting windows somewhat differently than they did those emitting only longer wavelengths. They typically hovered above the latter, whereas they often fluttered in contact with the former, a behavior that suggests the "escape" or "open space" response often elicited in insects by short wavelengths (Menzel 1979; Scherer & Kolb 1987a, b) . Possibly the combination of UV and longer wavelengths in these experiments sets up a conflict between elements of feeding and escape or orientation behaviors. If this is the case, moths nevertheless will probe at a UV containing stimulus when that is the only option offered (Fig. 4 , Exps. 4 and 5).
FLOWER COLORS AND INSECT VISION. -Menzel and Shmida (1993) have recently completed a comprehensive survey of the flower colors of the Israeli flora in relation to the color vision of their predominately diurnal Hymenopteran pollinators. They report that flowers appearing white to humans rarely reflect UV wavelengths. To the typical insect color vision system, such flowers contrast strongly in hue as well as brightness to background foliage (Frolich 1976) . Furthermore, Menzel and Shmida (1993) report that white flowers are particularly characteristic of tall plants, bushes, and trees, where they are more likely to be seen against the short wavelength dominated sky. It is an interesting question whether such factors are significant at night to moth pollinators that may lack true color vision.
Current studies on the coevolutionary relationships between the characteristics of flowers and the behavior of their pollinators (Waser & Price 1983 , Paige & Whitham 1985 , Nilsson 1988 , Chittka & Menzel 1992 , Menzel & Shmida 1993 ) continue a long tradition of research and speculation (Darwin 1877; Goldsmith 1990 Goldsmith , 1992 . We have found that the characteristic color of nocturnal hawkmoth flowers-white without UV reflectance-is appropriate to the visual mechanisms that release feeding behavior in the moths that visit them. However, the physiological, behavioral, and ecological particulars of that mutual adaptation remain uncertain. It will be important to measure the spectral distribution of nighttime light under the conditions of hawkmoth feeding in nature, and the activity of the visual system under such conditions.
